ABSTRACT: The goal of our studies was to quantify the digestive performance of a calanoid copepod in comparison to a commonly occurring pelagic tunicate. A comparison of the carbon and nitrogen content of quantitatively recovered fecal pellets with ingested amounts revealed that the large calanoid Eucalanus hyalinus digested the diatoms Thalassiosira weissflogii and Rhizosolenia alata significantly better than the doliolid Dolioletta gegenbauri did. This was attributed to the copepods' ability to crush the diatom cells after ingestion, while the doliolids caused minimal physical damage to the diatom cells. As for D. gegenbauri, it digested the large diatom R. alata far better than the small diatom T. weissflogii. The pellets from the latter contained nearly 50% of the ingested carbon and nitrogen. These findings are supported by visual observations. The results imply that doliolids are not able to utilize diatoms as efficiently as calanoid copepods, and will most likely rely more on softwalled food particles such as flagellates. These findings also imply that a considerable percentage of particulate organic matter ingested by doliolids, in water masses dominated by diatoms, could become available to the benthic communities of continental shelves since the doliolid pellets sink quite rapidly.
INTRODUCTION
After copepods, pelagic tunicates are thought to be the most abundant metazooplankton. Although copepods usually outnumber tunicates (even in terms of biomass), high concentrations not only of Appendicularia but also of Thaliacea have been observed in neritic subtropical and tropical waters (Belousov et al. 1966 , Heron 1972 , De Decker 1973 , Monteiro et al. 1975 , Binet 1976 , Madhupratap et al. 1980 , Esnal & Simone 1982 , LeBorgne 1983 , Pieper & Holliday 1984 , Deibel 1985 , Koga 1986 , Paffenhöfer & Lee 1987a , He et al. 1988 , Paffenhöfer et al. 1995 . Among planktonic copepods, calanoids are known to select food particles via chemo-and/or mechanoperception, while doliolids are not known to be selective. The food spectrum of the latter ranges from around 2 µm cell width/diameter to > 30 µm (Deibel 1985) and increases with the size of the respective zooid. In contrast, calanoids gather larger food particles after having perceived them, while they passively gather smaller, non-perceived particles (Price et al. 1983) , which results in much higher clearance rates of large compared to small particles (Price & Paffenhöfer 1985) . This implies that a doliolid will most likely ingest particles of 4 and 20 µm diameter at similar rates, whereas a calanoid copepod will ingest the latter particle at a much higher rate than the former one.
While copepods crush nearly all ingested food particles, our preliminary observations revealed that doliolids either do not, or only slightly physically damage ingested diatoms. Therefore, we wondered to what extent doliolids could utilize diatoms, which are abundant in upwellings and on continental shelves. During the summer of 1978, small (Thalassiosira subtilis) and large diatoms (Rhizosolenia alata) were abundant in shelf break upwellings off the southeastern USA. The same was true for large diatoms (Guinardia flaccida, Stephanopyxis turris) in the summer of 1981 (Paffenhöfer 1983 , Paffenhöfer & Lee 1987b . We asked how well doliolids can utilize small and large diatoms occurring abundantly in their natural environment compared to calanoid copepods. Since the extent of assimilation could not be quantified accurately (see Møller et al. 2003 , we decided to express utilization as digestion efficiency, i.e. as the difference between ingested and defecated carbon and nitrogen in relation to the ingested carbon and nitrogen, respectively.
MATERIALS AND METHODS
Experiments were conducted at 20°C with adult females of the large shelf-break/open ocean calanoid copepod Eucalanus hyalinus (Cowles et al. 1987 , Paffenhöfer & Mazzocchi 2003 and with gonozooids of the doliolid Dolioletta gegenbauri, which is usually found in neritic subtropical waters (references in Paffenhöfer et al. 1995) . The main food organisms were the small diatom Thalassiosira weissflogii (~7 µm cell width, 185 µg C and 33.6 µg N mm -3 of cell volume) and the large diatom Rhizosolenia alata (32 µm width, 13.55 µg C and 2.25 µg N mm -3 of cell volume). In the experiments with E. hyalinus and D. gegenbauri, small amounts of the dinoflagellate Gymnodinium nelsoni (35 µm width, 130 µg C and 21.7 µg N mm -3 of cell volume) and of the flagellate Isochrysis galbana (4.5 µm width, 200 µg C and 36.3 µg Nmm -3 of cell volume) or of G. nelsoni were added, respectively. These additions were intended to coarsely simulate the natural food environment by offering a flagellated taxon, which would on average contribute 5 to 10% of the total food intake.
The females of Eucalanus hyalinus and the gonozooids of Dolioletta gegenbauri originated from assemblages which had been reared under controlled food conditions at 20°C with various phytoplankton species at average concentrations ranging from about 30 to 70 µg C l -1 . Prior to the experiments, the respective animals had been acclimated for 24 to 48 h to the experimental conditions. The experiments with E. hyalinus were conducted in 4 l beakers with 6 females in 3500 ml using a tumbler at 0.5 rpm (Paffenhöfer 1970) . This tumbler consisted of a beaker or jar angled at about 20°and moved continuously in a circle (see Fig. 1 in Paffenhöfer 1970 ). This method keeps many diatom species and flagellates in suspension, while the fecal pellets, which are usually denser than the cells, sink to the bottom. This limits the reingestion of pellets by the copepods, which almost always remain suspended in the large beaker or jar. The average body weight (±1 SE) of an E. hyalinus female was 172 ± 17 µg C and 45 ± 5 µg N, and their prosome length ranged from 4.5 to 5.0 mm. The experiments with the gonozooids of D. gegenbauri were conducted with 3 zooids per 1900 ml screw cap bottle on a plankton wheel rotating at 0.3 rpm. This method was used because doliolids could not have tolerated the contact with air-water interfaces that would have occurred in a tumbling beaker. Judging from the type and color of pellets collected, ingestion of sizable fecal pellets appeared not to occur. Earlier observations revealed that pellets that had been ingested by the doliolids were much darker than pellets originating from the ingestion of diatoms. The zooids ranged from 7 to 9.5 mm in length, and had body weights ranging from 114 to 215 µg C and 28 to 52 µg N. For each experiment, 1 to 2 control bottles (volume = 960 ml) were run to determine algal growth rates. An inverted microscope was used to quantify all the experimental and control concentrations with Rhizosolenia alata and Gymnodinium nelsoni, as well as in the E. hyalinus experiments with T. weissflogii and G. nelsoni, while a Coulter Multisizer (having been previously compared with inverted microscope counts) was used for the D. gegenbauri experiments with T. weissflogii and Isochrysis galbana. Feeding and pellet production experiments lasted between 8 and 25 h at 20°C.
At the end of each experiment, the pellets produced by the experimental animals were immediately collected with a small pipette and then gently released into small dishes where they accumulated on the bottom. The pellets of the Eucalanus hyalinus females ranged from 0.09 to 0.14 mm in width and from 1.0 to 1.5 mm in length, while those of the gonozooids of Dolioletta gegenbauri were an aggregation of loosely packed cells and ranged from about 0.4 to 1.0 mm in diameter. Some of the copepod pellets had been broken by the females but were seemingly not ingested as judged from their color. The doliolids' pellets had to be transferred to the dishes rather gently to prevent them from coming apart. Losses were estimated to be less than 5%. Hardly any smaller doliolid pellets were found at the end of the experiments, indicating that the water motion in the experimental jars was indeed gentle. Pellet samples for the analyses of carbon and nitrogen content were dried at 60°C for 24 h and combusted at 970°C in an elemental CHN analyzer (Heraeus vario-el, Köster et al. 1997 ).
Since we could not determine that all the material difference between ingestion and defecation had been assimilated by the respective feeder (e.g. Møller et al. 2003 , we chose to express this difference as digestion efficiency: DE = (I -F )/I × 100, with I being the ingested and F the defecated amount. It is possible that all the digested material could be assimilated.
From each type of experiment, some pellets were preserved in formaldehyde (2% final concentration) to visually estimate the degree of degradation of diatom cells due to digestion. This was accomplished from micrographs taken with a Vosskühler digital camera connected to an epifluorescence microscope (Zeiss Axiophot).
RESULTS AND DISCUSSION
We offered a diet of small and large diatoms to copepods and doliolids at concentrations that occur in neritic waters and were not satiating. For comparative purposes, we attempted to have copepods and doliolids ingest similar amounts of diatom carbon and nitrogen per hour. The doliolids dictated the food concentrations chosen since Eucalanus hyalinus perceived the large diatom actively but rarely perceived the small one (Price & Paffenhöfer 1986 ). In order to have fairly similar ingestion rates in terms of carbon and nitrogen for both diatom species, carbon concentrations of Thalassiosira weissflogii more than 4 times higher than those of Rhizosolenia alata were necessary (Table 1) . The large Dolioletta gegenbauri gonozooids do not select food particles in the size range chosen here. The resulting average clearance rates of the gonozooids of both diatoms were similar and were close to that of the copepod females on R. alata, while the copepod's rates on T. weissflogii, for the reason given above, were far lower. Using average clearance rates and food concentrations, E. hyalinus ingested 59% of its body carbon daily when feeding on T. weissflogii, and 31.0% when feeding on R. alata, while D. gegenbauri ingested 93.9% of its body carbon when feeding on T. weissflogii and 52.5% when feeding on R. alata. The higher weight-specific ingestion rates when feeding on T. weissflogii are attributed to its concentration (µg C l -1 ) being higher than that of R. alata for both zooplankton species, and to the respective clearance rates (Table 1) . Based on previous observations, the aforementioned weight-specific ingestion values were not considered to be near satiating levels (Price & Paffenhöfer 1986 , Gibson & Paffenhöfer 2000 . Comparing the average ingestion rates as a percentage of body carbon, the ingestion rate of D. gegenbauri was 59% higher than that of E. hyalinus when feeding on T. weissflogii, and 70% higher when feeding on R. alata (Table 1 ). In the respective experiments, the ingested Gymnodinium nelsoni amounted to 5.9 and 5.6% of the total ingestion of E. hyalinus; Isochrysis galbana accounted for 9.4% (with T. weissflogii ), and G. nelsoni 11.4% (with R. alata), respectively, for D. gegenbauri (Table 1) , thus comprising only a small percentage of the total ingested carbon and nitrogen.
The pellets of Eucalanus hyalinus contained less than 8% of the carbon or nitrogen ingested, while those of Dolioletta gegenbauri amounted to nearly 50% of the ingested material when feeding on Thalassiosira weissflogii, and 19 and 27% of ingested nitrogen and carbon, respectively, when feeding on Rhizosolenia alata (Table 1) 
hyalinus/R. alata = E. hyalinus/T. weissflogii.
The digestion efficiencies of E. hyalinus were unusually high when compared to earlier observations on the assimilation efficiency of planktonic copepods (Table  2) ; however, they were near the upper end of the ranges of the studies cited on Calanus hyperboreus (Conover 1966) and C. helgolandicus (Corner 1961) . The digestion efficiency data obtained for D. gegenbauri were in the range of those obtained previously for calanoid copepod assimilation efficiencies when feeding on diatoms ( Table 2 ). The only available assimilation data for thaliacea feeding on a small diatom revealed even lower values for Salpa fusiformis than found for D. gegenbauri digestion in our studies (Table 2 , Andersen 1986), and appeared to confirm our results. Even among copepods, low assimilation efficiencies could occur (Table 2, Corner et al. 1972) . The variability of assimilation efficiencies has been discussed repeatedly (e.g. Conover 1978) , and should depend to a large extent on food type and feeder taxon. As an example of the upper extreme, the pteropod Clione limacina assimilated its prey, the pteropod Spiratella sp., with an efficiency of 99% (Conover & Lalli 1974) . Our results on fecal pellet carbon and nitrogen content should be regarded as underestimates as earlier studies have demonstrated that pellets, after being produced by the respective copepod, released considerable amounts of dissolved organic carbon (DOC). For example, pellets produced by females of Calanus finmarchicus and C. glacialis released more than 20% of their carbon content as DOC during the first 60 min after being expelled (Møller et al. 2003) ; fecal pellets produced by Acartia tonsa lost significant amounts of their organic carbon over the 96 h period following their collection . Since both studies were conducted at food concentrations of 500 µg of phytoplankton C l -1 and higher, DOC release rates as high as those shown for Calanus spp. (Møller et al. 2003) could not be observed at the phytoplankton levels used to feed Eucalanus hyalinus and Dolioletta gegenbauri in the present study. Yet, the probability of underestimating the content of organic matter in pellets of E. hyalinus is high because pellets were collected within 8 to 25 h of the beginning of each experiment, i.e. up to 25 h after being expelled. Such losses of organic matter from the D. gegenbauri pellets were most likely limited because most of the cells were not physically damaged, and therefore not as efficiently digested as by the copepods.
Photographs of the pellets produced by Dolioletta gegenbauri (Fig. 1a-d) and Eucalanus hyalinus (Fig. 1e,f) support our findings on the digestive performance expressed as C and N quantifications. Densely packed E. hyalinus pellets reveal only crushed diatoms and a few spots of autofluorescence from a few undigested Thalassiosira weissflogii cells, i.e. hardly any chlorophyll is left (Fig. 1e,f) , whereas pellets from D. gegenbauri show a loose aggregation of undamaged T. weissflogii cells and uncrushed Rhizosolenia alata cells (Fig. 1a,c) . Here, the T. weissflogii pellet contains numerous red fluorescing cells, i.e. it contains chlorophyll (Fig. 1b) , whereas the R. alata pellet shows hardly any red fluorescence (Fig. 1d) . Observations by Pomeroy & Deibel (1980) Our results imply that Dolioletta gegenbauri would not grow optimally if small diatoms were abundant but would obtain a considerable amount of energy from larger diatoms. They also imply that doliolids, and most likely salps (also shown by Andersen 1986), would to some extent depend on soft-walled species such as flagellates, dinoflagellates and ciliates as suppliers of organic matter.
The large size of doliolid pellets suggests that few organisms in the neritic waters could ingest them. Besides doliolids and salps Thalia democratica, the calanoid copepods Temora stylifera and T. turbinata, due to their raptorial feeding behavior and abundance, would be able to utilize the Dolioletta gegenbauri pellets. Furthermore, the poecilostomatoid copepod genus Oncaea, known to feed on aggregates and occurring abundantly on continental shelves (Paffenhöfer 1983) , could thrive on such pellets. Doliolids are known to ingest and appear to utilize (assimilate/digest) their own fecal pellets (G.-A. Paffenhöfer unpubl. data). What could be the nutritional value of such fecal pellets to other metazooplankton? While copepod pellets do not appear to support the growth of other copepods (e.g. Paffenhöfer & Knowles 1979) as they no longer possess essential polyunsaturated fatty acids (e.g. Müller-Navarra 1995), pellets from doliolids, because of their incomplete digestion, could still contain a certain percentage of such fatty acids, and could therefore support the growth of various feeders including those of the benthos.
The C:N values of fecal pellets from the 4 experimental series ranged from 5.7 (Dolioletta gegenbauri and Thalassiosira weissflogii) to 7.7 (D. gegenbauri and Rhizosolenia alata), while those originating from Eucalanus hyalinus were slightly higher than those of the different food species (Table 1) . The copepods appeared to have removed nitrogen at a higher rate than carbon as the C:N ratio of T. weissflogii was 5.5. For the doliolids, the low value of 5.7 of pellets originating from T. weissflogii was close to the C:N ratio of T. weissflogii, and could be indicative of limited digestion, as shown for pellets as a percentage of ingestion (Table 1 ). The ratio of 7.7 of pellets originating from the ingestion of R. alata could imply that the doliolids were able to extract more nitrogen than carbon from R. alata, whose C:N ratio was 6.0. The C:N ratios of doliolid pellets could have been somewhat affected by the mucous net produced by these animals to collect their food. This net is ingested together with their food, and therefore should contribute to each fecal pellet. The C:N ratios of pellets from our copepod experiments were close to or lower than those from previous copepod studies (Table 3 ). The cited copepod pellet C:N data vary considerably and should partly be a function of food abundance, type of food and collection time after release. The salp pellet C:N data originated from natural food in the California Current (Bruland & Silver 1981) and the open subtropical ocean (Madin 1982 , Caron et al. 1989 . Since particles in the nanoplankton range from the warm open ocean are mostly soft-walled with concentrations usually much lower than in neritic waters (e.g. Caron et al.1995) , their digestion should be rather effective, resulting in the removal of most nitrogenous contents from food particles and high C:N ratios. The C:N data of Bruland & Silver (1981) and of our study are far lower than those from warm subtropical regions (Table 3 ). The California Current might have carried a far higher concentration of phytoplankton since the salp pellets were densely packed, which would have resulted in less efficient digestion than in the phytoplanktondilute Sargasso Sea. Could doliolid pellets with such high carbon and nitrogen content be encountered in nature? High diatom concentrations were repeatedly encountered in upwellings on the southeastern shelf of the USA during summer, as were high concentrations of doliolids in different seasons including summer. Single cells of Thalassiosia sp., 8 µm in cell width, reached concentrations of 0.5 mm 3 of cell volumes l -1 (Paffenhöfer 1983) , and large diatoms, 65 to 110 µm in cell width, reached 5 to 7 mm 3 of cell volumes l -1 (Paffenhöfer & Lee 1987b) . Concentrations of Dolioletta gegenbauri often surpassed 1000 zooids m -3 (e.g. Deibel 1985 , Paffenhöfer & Lee 1987a , Paffenhöfer et al. 1995 . At these concentrations of doliolids and diatoms, not only large amounts of pellets would be produced but also large amounts of utilizable particulate carbon and nitrogen would contribute to the vertical flux (e.g. Bruland & Silver 1981 , Michaels & Silver 1988 . This would mainly occur in neritic waters where doliolids and diatoms have been found at high concentrations (Paffenhöfer et al. 1995 and references therein) . This could also happen in ocean margin waters, which are regularly occupied by particle-laden eddies (e.g. Lee et al. 1991) in which these thaliaceans have been found at low abundances.
CONCLUSIONS
Our observations revealed differences in the digestion performance of calanoids and doliolids offered a diet of diatoms. They also revealed differences in doliolid digestion of small versus large diatoms; small diatoms were hardly digested. This has implications for both the doliolids and the benthic communities. The doliolids cannot extract much energy from small diatoms, and therefore would have to rely to some extent on soft-bodied cells and large diatoms as a food source; continental shelf benthic communities could receive particulate organic matter from the partly digested doliolid fecal pellets.
